Hydrogen bonding between non-Watson-Crick complementary bases and the incorporation of mismatched base-pairs in the DNA double helix has, until recently, been studied theoretically rather than experimentally.
The central role of base-pair mismatches in initiating mutational changes was recognized by Watson & Crick (1953) in their early papers. They postulated purinepyrimidine base-pair mismatches of the type illustrated in Figs. l(a) and 1(b) where one of the bases adopts a rare tautomeric form. Topal & Fresco (1976) extended the tautomer hypothesis to cover purinepurine mismatches also.
An alternative hydrogen-bonding geometry, involving bases in the major tautomer forms, was suggested by Crick (1976) for codon-anticodon interactions. An example is the GT 'wobble' base-pair, illustrated in Fig. 1 ( d ) . For purine-purine base-pairs two alternative schemes are possible. One of these has both bases in the anti orientation with respect to the sugar residues (Fig. le) . This arrangement was considered by Crick (1976) and thought to be unlikely. It was, however, subsequently observed, as was the GT wobble base-pair, in several tRNA structures (Ladner et al., 1975; Quigley et al., 1975; Sussman & Kim, 1976; Stout et al., 1976) . The geometry of base-pair mismatches and the energetics of incorporating them in the DNA double helix have been the subject of several theoretical studies (Churprina & Poltev, 1983; Poltev & Bruskov, 1978; Rein et al., 1983) but it was not until the development of synthetic methods for the preparation of DNA fragments (Beaucage & Caruthers, 1981; Stravinsky et al., 1981) that they could be investigated by direct experiment.
During the past 5 years single-crystal X-ray studies of DNA fragments, containing Watsonxrick complementary base-pairs, have brought about a reappraisal in our view of the conformational flexibility of DNA and the correlation between base sequence and local structure (Saenger, 1984 ). An extension of these studies is the synthesis of deoxyoligonucleotides with potential for forming double helixes having mismatch base-pairs. Using this technique Pate1 et al. (1982 Pate1 et al. ( , 1984 have investigated various deoxydodecamers and have deduced the presence of the GT wobble base-pair and the formation of the G anti-A anti base-pair. The latter base-pair mismatch was also indicated by proton n.m.r. studies of a deoxydecamer by Kan et al. (1983) .
The principal obstacle to applying single-crystal X-ray diffraction techniques to the investigation of DNA fragments is the difficulty of obtaining suitable crystals. With experience, yielded single crystals. In view of this we decided to synthesize deoxyoligomers with potential base-pair mismatches by changing only one of the bases in a sequence already known to crystallize in a certain conformation. We hoped that the introduction of a basepair mismatch in such a sequence will not disturb the double helix to an extent which would prevent crystal formation. This approach of 'DNA engineering' has proved unexpectedly successful. It has allowed the analysis of five structures, four containing GT and one containing and AG mismatch. A sixth structure, with the AC mismatch, is currently being refined. These crystallographic analyses give, for the first time, a discrete view of mismatch base-pairs at near atomic resolution and detailed information about the effect of incorporating base-pair mismatches into the DNA double helix. They also open up the possibility of examining the effect of introducing other changes, such as modified bases, into DNA fragments.
Synthesis, crystallization, structure solution
All deoxyoligonucleotides used were prepared by solid-phase triester methods (Gait et al., 1982) scaled to yield up to about 15 mg per synthesis. They crystallized from buffered aqueous solutions containing sodium, magnesium or other counterions, and, in some cases, alcohol and spermine. The crystals were kept at 4°C throughout the X-ray experiments. Intensities were measured on a Syntex P2, diffractometer and the data were corrected for the usual factors including absorption. The crystals were generally very small and diffracted relatively poorly to a resolution of around 2-2.5 A ( I = 0.1 nm), except for the hexamer d(TGCGCG) which gave data to 1.5 A. Table 1 gives cell constants and other pertinent data for the five structures reviewed in this paper, it also lists the sequence of the parent compounds from which the modified fragments were derived. The sequences fall into three groups: deoxyoctamers, derived from d(GGGGCCCC) (McCall et al., 1985) , which crystallizes as an A-type double helix; deoxydodecamers derived from d(CGCGAATTCGCG) (Wing et al., 1980) , which crystallizes as a B-type helix; and the deoxyhexamer derived from d(CGCGCG) (Wang et al., 1979) , which forms a left-handed Z-helix. The modified sequences crystallize isomorphously with the parent compounds. This isomorphism allows the very rapid solution and refinement of the structures, which would otherwise present considerable difficulties, since they are the size of small proteins and lack heavy atoms for phase determination.
The methods used for the analysis were similar for all five structures. They involved the use of starting models constructed from fibre or single-crystal co-ordinates of the appropriate DNA conformation (A, B or Z). The mismatch base-pairs were introduced into the starting model by substituting the non-complementary base in place of a complementary one. The model was refined by methods similar to those used for protein and tRNA structures, i.e. rigid body refinement (Sheldrick, 1976) , CORELS (Sussman et al., 1977) and HendricksonKonnert (Hendrickson & Konnert, 1981 ) least squares calculations. The course of the refinement was monitored by electron-density maps, which were also used to locate the solvent molecules for gradual inclusion in the calculations. Throughout the refinement no restraints were placed on the mutual orientation of the mismatched bases or the hydrogen bonding between them. The nature of the base-pair mismatch and the hydrogen bonds linking the bases were identified from electrondensity maps, usually at the end of the CORELS refinement. Care was taken, as described in the section on the GA mismatch, not to bias the final structure by assumptions made in the starting model. The refinements were terminated on convergence of the calculations and when an inspection of the final difference electron-density maps indicated that there were no further peaks of any significant density which could be attributed to solvent molecules. A preliminary account of the structure of d(GGGGCTCC) has recently been published (Brown et al., 1985) , as well as a general survey . Other papers are in preparation.
The GT wobble base-pair
Four of the fragments listed in Table 1 crystallized with GT base-pairs at two positions along the double helix, related by a pseudo two-fold symmetry axis. The helices represented the three main DNA conformations: A, B, and Z. In all four structures the mispairs were of the wobble type (Fig. Id) with the bases in the major tautomer forms and with hydrogen bonds linking N-1 of G with 0-2 of T and 0 -6 of G with N-1 of T. The geometry of the hydrogen bonds is good with N-H . . . 0 values in the range 2.7-3.0 A. The wobble base-pairs found in the various structures are illustrated in Fig. 2 . Interestingly, the wobble base-pair is formed even in the hexamer d(TGCGCG) (Fig. 2b) where the orientation of the bases is anti-syn, characteristic of the left-handed Z-helix.
A superposition of the GT wobble base-pair on a standard Watson-Crick GC base-pair, illustrated in Fig. 2(c) , shows the relative displacement of the bases in the mismatch. In all four structures the displacement is such as to move the thymines towards the major groove and the guanines towards the minor groove. The displacement results in marked asymmetry in the disposition of the lycosidic bonds, which are symmetrical in Watson-Crici base-pairs. In the GT wobble pairs the angles between the glycosidic bonds and the C-I' . . . C-I' vectors are about 70" for T and 40" for G compared with of the wobble base-pair might be a feature in facilitating mismatch recognition by DNA polymerase and by mismatch repair enzymes. Fig. 2 (c) also illustrates the flexibility of the sugarphosphate backbone. In spite of the substantial movement of the bases relative to the standard GC base-pair, small concerted changes in the backbone torsion angles bring the phosphate groups of the wobble base-pairs into virtual superposition with the phosphate groups in the corresponding parent compounds. As a consequence, the global conformation of the double helix in each of the four structures is largely preserved. This is reflected in an average helical parameter such as helical turn, rise per residue etc., which are well within the range observed in the corresponding DNA helices consisting of WatsonCrick base-pairs only . This ease of accommodating mismatch base-pairs in even short lengths of DNA fragments is one of the most striking results to have emerged from the X-ray analyses.
The insertion of the GT wobble pair in the DNA double helix does, however, affect the local structure, particularly base stacking, which is one of the prime Vol. 14 forces stabilizing the double helix. Interestingly, in the structures so far examined, there appear to be some improvements in base stacking on the 3' side of the mismatch thymine bases when compared with the base stacking at the same position in the parent compounds . We plan to explore this effect systematically and attempt correlations with biochemical experiments, which indicate that the frequency of misinsertion of bases on replication (Fersht et al., 1982) as well as the efficiency of mismatch repair are influenced by the nature of the base sequences flanking mismatch sites (Benzer & Freeze, 1958; Clavery et al., 1983; Lieb, 1983; Dohet et al., 1985) .
The GA base-pair in B-DNA Purine-purine base-pairs would appear to present a greater problem of being accommodated in a standard double helix without serious disruption of the global structure than purine-pyrimidine pairs. The observation that the GA mismatch dodecamer d(CGCGAATTAGCG) crystallizes isomorphously with the parent B-dodecamer d(CGCGAATTCGCG) (Wing et al., 1980) did, however, suggest this not to be the case. Consequently the technique of isomorphous replacement, followed by contrained/restrained least squares calcualtions, employed for the GT mismatch structures and described in the experimental section, was used for this analysis also. In the GA mismatch dodecamer, however, there was a choice of two starting models (Figs. le and If). As a first attempt both G and A were inserted in the model in the anti-orientation since this was the orientation found in several tRNA crystal structures and in n.m.r. studies quoted in the introductory section. The model appeared to fit the electron density at the end of the CORELS (Sussman et al., 1977) refinement. Further calculations by the Hendrickson-Konnert method (Hendrickson & Konnert, 1981) converged at R = 20% with 50 solvent molecules located. An examination of the electrondensity map at this stage, however, indicated density in a region corresponding to the syn orientation of the adenines. The analysis was repeated with a new starting model where the guanines were in the anti and the adenines in the syn orientation (Fig. lf) . This analysis converged at R = 18.7% with 72 solvents located, and excellent fit between the structure and the electron-density maps. We conclude therefore, that in d(CGCGAATTAGCG) only anti-A syn base-pairs are formed, in contrast to the n.m.r. findings and the GA mismatch observed in the tRNA structures.
The GA syn base-pair is illustrated in Fig. 3 . Hydrogen bond values are in the range 2.7-2.9 A. The average C-1' . . . C-1' distance is 10.6& not significantly different from other B-DNA structures. The global B-type conformation is preserved but there are changes in the local parameters, such as the propellor twists, in the vicinity of the mismatch.
Discussion
The results of the X-ray structure analyses surveyed in this paper can be summarized under four headings: the tautomeric form of the bases in the base-pair mismatches, local effects such as base stacking, the influence of base mispairing on the global conformation of the double helix and features important for mismatch recognition.
In all the five DNA fragments studied the mispaired bases were in the major tautomer forms. While this is not an unexpected result, the analyses confirm that the GT wobble base-pair and the GA syn base-pair are valid models for interpreting biochemical experiments such as those of Fersht and co-workers (Fersht et al., 1983) , where non-complementary bases in their major tautomer forms are incorporated in DNA during replication. On the local level, base stacking seems to be the structural feature most affected by the presence of mismatched base-pairs. The change in stacking is most noticeable in the immediate vicinity of the mismatch and varies with the nature of the sequence. For the GT pair there seems to be some improvement in stacking on the 3' side of thymine. In the case of the GA syn base-pair the propellor twists as well as the local base stacking are affected. More data are needed to understand these local effects and to correlate them with experiments in vivo and in vitro.
The global conformation of the double helix in all five structures is little affected by the presence of the mismatched base-pairs. This suggests that mismatch recognition may be related to changes in the disposition of strucutral elements such as the donor-acceptor groups of the bases, rather than the recognition of subtle changes in the backbone conformation. In the GT wobble base-pair the free keto 0 -2 atom of thymine, protruding in the major groove, and the free amino nitrogen of guanine, protruding into the minor groove (Fig. 2) , may well be important either for the direct recognition of the mispair or for blocking the mechanism of recognizing and discriminating the standard WatsonXrick base-pairs by directed hydrogen bonds, as previously suggested (Seeman et al., 1976) . In case of the GA syn mispair, the keto 0 -2 atom, which is found on the minor groove side of all purine-pyrimidine base-pairs, is lacking, while on the major groove side there are four, rather than the standard three, donor-acceptor groups. These features may well be recognized by polymerases or by repair enzymes. Support for this approach to an understanding of base-pair recognition comes from recent work by Rosenberg and coworkers, on EcoRI complexed to an B-type dodecamer d(TCGCGAATTCGCG), where direct hydrogen bonds were identified between functional groups on the bases and the amino acid side chains of the enzyme.
The single-crystal X-ray analysis of selectively modified synthetic DNA fragments reviewed in this paper promises to be a fruitful way of correlating structural investigations and biochemical experiments, and opens up a new way of studying molecular aspects of mutagenesis and carcinogenesis.
